Liu Y, Tran DQ, Fatheree NY, Rhoads JM. Lactobacillus reuteri DSM 17938 differentially modulates effector memory T cells and Foxp3 ϩ regulatory T cells in a mouse model of necrotizing enterocolitis.
is an inflammatory disease with evidence of increased production of proinflammatory cytokines in the intestinal mucosa. Lactobacillus reuteri DSM 17938 (LR17938) has been shown to have anti-inflammatory activities in an experimental model of NEC. Activated effector lymphocyte recruitment to sites of inflammation requires the sequential engagement of adhesion molecules such as CD44. The phenotype of CD44 ϩ CD45RB lo separates T effector/memory (Tem) cells from naive (CD44 Ϫ CD45RB hi ) cells. It is unknown whether these Tem cells participate in the inflammation associated with NEC and can be altered by LR17938. NEC was induced in 8-to 10-day-old C57BL/6J mice by gavage feeding with formula and exposure to hypoxia and cold stress for 4 days. Survival curves and histological scores were analyzed. Lymphocytes isolated from mesenteric lymph nodes and ileum were labeled for CD4, CD44, CD45RB, intracellular Foxp3, and Helios and subsequently analyzed by flow cytometry. LR17938 decreased mortality and the incidence and severity of NEC. The percentage of Tem cells in the ileum and mesenteric lymph nodes was increased in NEC but decreased by LR17938. Conversely, the percentage of CD4 ϩ Foxp3 ϩ regulatory T (Treg) cells in the intestine decreased during NEC and was restored to normal by LR17938. The majority of the Treg cells preserved by LR17938 were Helios ϩ subsets, possibly of thymic origin. In conclusion, LR17938 may represent a useful treatment to prevent NEC. The mechanism of protection by LR17938 involves modulation of the balance between Tem and Treg cells. These T cell subsets might be potential biomarkers and therapeutic targets during intestinal inflammation.
probiotics; intestine; inflammation; regulatory T cells; necrotizing enterocolitis NECROTIZING ENTEROCOLITIS (NEC) is the most common gastrointestinal emergency in premature infants and a leading cause of death in the neonatal intensive care unit (42) . Although the pathogenesis of NEC remains incompletely defined, low birth weight, early enteral feedings, intestinal ischemic injury, and the resident bacterial flora have been identified as major risk factors in this severe inflammatory condition of the neonatal intestine (41, 42) . Evidence for unregulated inflammation in NEC includes increased tissue and serum levels of a wide range of proinflammatory mediators, including TNF-␣, IL-1␤, IL-6, IL-8, IL-12, and IL-18, and platelet-activating factor and increased intestinal expression of Toll-like receptor (TLR) 4 (TLR4) in patients and animals with NEC (4, 30) . These data suggest that the immature neonatal intestine is prone to an exaggerated immune response to pathogenic injury.
In humans and mice, regulatory T (Treg) cells expressing the transcription factor Foxp3 are critical for immune homoeostasis in the intestinal tract. In humans, patients with X-linked immune dysregulation, polyendocrinopathy, and enteropathy (IPEX syndrome), a rare condition resulting from Treg cell deficiency due to mutations in the Foxp3 gene, develop severe gastrointestinal inflammation (35) , demonstrating an essential role in suppression of innate and adaptive host responses. Treg cell development can be interrupted by a local proinflammatory cytokine milieu (34, 61) . A previous study attempted to investigate whether there were inadequate Treg cells in the intestine of infants with NEC. However, because of technical limitations, investigators were unable to detect a difference in the quantities of Treg cells between preterm and full-term infants when intestinal tissues were examined by immunohistochemistry (64) . Recently, the same investigators performed a more detailed study using flow cytometry to quantify Treg cells in the lamina propria of resected ileum from gestational agematched infants with and without NEC. The ratio of Treg to effector T cells was found to be significantly decreased in premature infants with NEC (63) . Recently, we characterized T cell subsets in the ileum of neonatal rats with NEC by comparing these sick animals with dam-fed control rat pups. We reported that the frequency of Foxp3 ϩ Treg cells was significantly diminished in NEC (27) . Subsequently, we used adoptive transfer of Treg cells in this NEC model to show that increasing the number of Treg cells in the intestine improved survival and decreased the incidence and severity of NEC (11) .
Postnatal gastrointestinal exposure in preterm infants differs from that in full-term infants. For example, restricted breast feeding and treatment with antibiotics may lead to abnormal bacterial colonization and altered immunological development in the gut, thereby increasing the susceptibility to NEC (7, 38, 48) . T cells are present in the human fetal ileum in early gestation and accumulate during chorioamnionitis (53). Single-nucleotide polymorphism studies of genetic risk factors for NEC suggest that an enhanced Th1-mediated immune response is associated with more severe disease (60) . In the pathogenesis of NEC, the balance of immune regulation in the intestinal mucosa might be disrupted not only by a deficiency of Treg cells, but also by the presence of an expanded effector T cell population that reacts to commensals or pathogens.
Activated effector lymphocyte recruitment to sites of inflammation requires the sequential engagement of adhesion molecules such as CD44. Adhesion receptor CD44 is associated with diverse biological processes involving the migration of cells, including inflammation, angiogenesis, bone metabolism, and wound healing (2) . CD44 is upregulated concomitant with the activation of naive T lymphocytes during invasive microbial infection (2) . Recent studies showed that CD44 deficiency attenuates murine ileitis (8) . The adhesion molecule CD44, as a marker for activated effector CD4 ϩ T cells in inflamed tissues, potentiates T cell activation and maintenance of T cell memory function (3 Probiotic supplementation has been associated with a significantly decreased risk of NEC in preterm very-low-birth-weight infants (62) . Lactobacillus reuteri DSM 17938 (LR17938) was derived from L. reuteri ATCC 55730, a component of a Peruvian mother's breast milk. Two plasmids harboring antibiotic resistance genes were removed from strain 55730 to obtain strain 17938 (46) , which inhibits pathogen growth and modulates the immune system. We have shown that feeding LR17938 to newborn rats produced a strong anti-inflammatory effect (28, 29) , reducing the incidence and severity of NEC (29) while increasing the frequency of Treg cells in the intestinal mucosa (27) .
The aim of this study was to identify changes in Tem and Treg cells in the intestine of mice with NEC, thereby clarifying the immunomodulatory mechanism of LR17938 in a mouse model of NEC. We determined if the frequency of Tem or Foxp3 ϩ Treg cells changes in the intestine and mesenteric lymph nodes (MLNs) of mice with NEC, and we determined if changes could be reversed by LR17938 supplementation.
MATERIALS AND METHODS

Probiotic LR17938 Preparation
Human breast milk-derived LR17938 was provided by Biogaia (Stockholm, Sweden). Lactobacillus acidophilus DDS (La DDS; kindly provided by Dr. David R. Mack, Children's Hospital of Eastern Ontario, Ottawa, ON, Canada) was used as the control bacterium for immune cell analysis. Lactobacillus organisms were anaerobically cultured in deMan-Rogosa-Sharpe (MRS) medium (Difco, Detroit, MI) at 37°C for 24 h, plated in MRS agar at specific serial dilutions, and grown anaerobically at 37°C for 48 -72 h. For quantitative analysis of bacteria in culture medium, a photometer (Eppendorf, Hamburg, Germany) was used to compare absorbance (at 600 nm) of culture at known concentrations using a standard curve of bacterial colony-forming units (CFU) per milliliter grown on MRS agar. Bacteria in the culture medium were harvested by centrifugation at 1,500 g for 15 min and resuspended in formula before feeding.
Experimental NEC Model and Experimental Design
Animal studies were approved by the Animal Welfare Committee of the University of Texas Health Science Center at Houston (HSC-AWC-11-063).
Experimental NEC model. We developed a protocol for NEC induction in mouse pups that included formula feeding ϩ exposure to stress (FS); this model was not associated with excessive early mortality. We modified the techniques of Jilling et al. (23) , Nadler et al. (40) , and Sodhi et al. (51) . Neonatal (8-to 10-day-old) C57BL/6J mice from breeding pairs of adult male and female animals (Jackson Laboratory) were separated from their dams, housed in an incubator, and starved for 12 h before the initiation of orogastric feeding with 0.2 ml of formula via a sterile Solomon 22-gauge 35-mm feeding needle (Instech Laboratories) four times daily for 4 days. To induce NEC, mouse pups were exposed to 5% O 2-95% N2 for 10 min in a hypoxia chamber (Billups-Rothenberg, Del Mar, CA) and then to cold stress at 4°C for 5 min twice daily for 4 days. The formula consisted of 15 g of Similac 60/40 (Ross Pediatrics, Columbus, OH) in 75 ml of Esbilac canine milk replacement (PetAg, Hampshire, IL), which contains 1.86 kcal/ml. The calculated calorie intake met the maintenance energy requirement of newborn mice (ϳ200 kcal·kg Ϫ1 ·day Ϫ1 ). Animals were monitored every 3 h during the 4-day study period. No analgesia was necessary for mice or rats in this study or in previous publications by other groups (1, 17, 23, 45) . Live animals were counted on each day, and pups were euthanized on day 5 after NEC induction (FS) for tissue collection. In some cases, pups in the FS group were euthanized on day 3 or 4, for example, if they were in pain, demonstrated labored respirations, exhibited abdominal distension, or had gastrointestinal bleeding. After euthanization, we collected tissues for histological analysis.
Experimental groups. Mouse pups were randomly divided into four groups: 1) dam-fed mouse pups [normal control (dam), n ϭ 23] were left with their mothers to breast-feed; 2) dam ϩ 17938 (10 6 CFU·g body wt Ϫ1 ·day Ϫ1 ) mouse pups (n ϭ 16) were left with their mothers to breast-feed and were given LR17938 by gavage for 7 days; 3) formula ϩ stress (FS) mouse pups (n ϭ 36) were separated from their mothers, housed in an incubator, fed formula, and exposed to stress (hypoxia and hypothermia) for 4 days to induce NEC; and 4) formula ϩ stress ϩ 17938 (FS ϩ 17938) mouse pups (n ϭ 20) were treated as described for the FS group, except the formula contained LR17938 (10 6 CFU·g body wt Ϫ1 ·day Ϫ1 ). For characterization of Tem and Treg cells, we also added one group of FS ϩ La DDS mouse pups (n ϭ 4), which were treated as described for the FS group, except the formula contained La DDS (10 6 CFU·g body wt Ϫ1 ·day Ϫ1 ).
Tissue Harvest and NEC Evaluation
After incision of the abdomen, the gastrointestinal tract was carefully removed. The small intestine was evaluated visually for typical gross signs of NEC, such as intestinal distension, wall hemorrhage, or necrosis. The terminal 5 cm of small intestine (ileum) were excised. The terminal 1 cm of each sample was fixed with formalin and processed by the Cellular and Molecular Morphology Core Lab (Texas Medical Center Digestive Diseases Center, Houston, TX). The sections of ileal tissues were prepared longitudinally and stained with hematoxylin and eosin for histological evaluation. The remaining 4 cm of small intestine were used for isolation of lymphocytes. The severity of disease was determined by histological NEC scores according to previous studies (1, 4, 5) as follows: 0, normal intestine; 1, epithelial lifting or separation; 2, sloughing of epithelial cells to the midvillous level; and 3, necrosis of the entire villus. Animals with histological scores Ն2 were defined as having NEC.
Tissue Preparation for Cytokine IL-1␤ Assay
Ileal tissues were weighed and then homogenized in 0.4 ml of lysis buffer containing protease inhibitors with 20 mmol/l Tris·HCl (pH 7.5), 150 mmol/l NaCl, 1 mmol/l Na2EDTA, 1 mmol/l EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mmol/l Na3VO4, 1 g/ml leupeptin, 1 g/ml aprotinin, and 1 mmol/l PMSF. The homogenates were centrifuged at 14,000 g for 10 min at 4°C after incubation on ice for 30 min. A mouse cytokine kit (Meso Scale Discovery, Gaithersburg, MD) was used according to the manufacturer's protocol to measure IL-1␤ in the collected supernatant. The detection range from the standard curve of this assay is 1.32-10,000 pg/ml. Final cytokine levels were normalized by the weight of collected ileal tissues and reported as picograms of cytokine per gram of ileal tissue weight.
Preparation of Single-Cell Suspension for Flow Cytometry
Ileal tissues were gently fragmented and digested in RPMI 1640 (Sigma) complete medium containing collagenase V (0.1 mg/ml) from Clostridium histolyticum (Sigma) at 37°C for 30 min. After the samples were vigorously vortexed for 1 min, single-cell suspensions were obtained by filtration through 40-m cell strainers (BD Biosciences, San Jose, CA). Single-cell suspensions from MLNs were obtained by gentle fragmentation and filtration of the tissues through 40-m cell strainers into MACS buffer consisting of phosphatebuffered saline, 0.5% bovine serum albumin (Hyclone Laboratories), and 2 mM EDTA (Lonza). Cells were washed with MACS buffer and finally resuspended in MACS buffer for surface and intracellular staining using specific antibodies for further flow cytometric analysis.
Flow Cytometric Analysis
Cells were detected by immunofluorescent staining with flow cytometric analysis. Cell surfaces were stained by fluorochromeconjugated anti-mouse antibodies, including CD4 (GK1.5) conjugated with peridinin-chlorophyll proteins (PerCP/Cy5.5), CD8a (53-6.7) conjugated with phycoerythrin (PE), CD44 (IM7) conjugated with fluorescein isothiocyanate (FITC), and CD45RB conjugated with PE (C363-16A) from Biolegend (San Diego, CA). For intracellular staining, the anti-mouse antibodies Foxp3 (FJK-16a) conjugated with Alexa Fluor 647 (AF647, eBioscience, San Diego, CA) and Helios (22F6) conjugated with FITC (Biolegend) were used. Fixation and permeabilization were performed using a fixation/permeabilization kit according to the manufacturer's protocol (eBioscience). All samples were analyzed with FACSCalibur (BD Biosciences) and processed with FlowJo (TreeStar, Ashland, OR).
Statistics
Experimental results are expressed as means Ϯ SE. Statistical analysis was performed using one-way ANOVA (Prism 4.0, GraphPad Software, San Diego, CA). Dunnett's and Tukey's multiple-comparison tests were used for comparison of multiple groups or multiple groups with a control group. Kaplan-Meier survival curves were performed, and 2 test was used for comparison of survival rate between groups. P Ͻ 0.05 was considered statistically significant.
RESULTS
L. reuteri DSM 17938 Increased Survival of Mouse Pups With NEC
Feeding LR17938 to neonatal mice subjected to the NECinducing protocol (FS) significantly increased survival compared with mice given FS without probiotic. Survival on day 5 was 75 Ϯ 9.7% in the FS ϩ LR17938 group compared with 42 Ϯ 8.2% in the FS group (P ϭ 0.0277). Survival on day 5 was 100% in dam-fed and dam-fed ϩ LR17938 mice (Fig. 1) . Even though LR17938 significantly increased the survival rate of mice subjected to the NEC protocol, the survival rate of mice subjected to the NEC protocol and treated with LR17938 on day 5 was lower than that of dam-fed or dam-fed ϩ 17938 mice (P Ͻ 0.05).
L. reuteri 17938 Reduced the Incidence and Severity of NEC
The severity of NEC was evaluated by histological NEC scoring of ileal tissues on a scale of 1-3 (1, 5). Animals with histological scores Ն2 were defined as having NEC. Intestinal tissues for evaluation of histological changes were obtained from living animals on day 5. However, in some groups with severe NEC, tissues were collected on day 3 or 4 for the purpose of comparison. Morphological analysis of ileal segments from mice subjected to the NEC protocol revealed various degrees of inflammatory change, ranging from sloughing of epithelial cells to the midvillous level to necrosis of the entire villus ( Fig. 2A) , and villous core separation was also seen (Fig. 2A, red arrow) . For comparison, Fig. 2A shows the histological features of ileal mucosa from dam-fed and FS ϩ 17938 animals. In contrast, dam-fed and dam-fed ϩ LR17938 mice had normal intestinal architecture and rarely showed inflammatory changes. The incidence of histological NEC was significantly higher in the FS group (11 of 17, 65%) than in dam-fed (0 of 23) or dam-fed ϩ 17938 (0 of 16) mice (P Ͻ 0.01).
Feeding LR17938 to mice subjected to the NEC protocol significantly reduced the incidence of histological NEC to 27% (4 of 15) compared with 65% in the FS group (11 of 17, P Ͻ 0.05; Fig. 2B ). In addition, the severity of NEC also decreased with administration of LR17938, demonstrating that probiotic administration shifted intestinal damage from severe to mild, as indicated by a change in the NEC score from 2 or 3 to 1. Specifically, 29% (5 of 17) had a NEC score of 3 in the FS group compared with 13% (2 of 15) in the FS ϩ 17938 group (P Ͻ 0.05); 35% (6 of 17) had a NEC score of 2 compared with Fig. 1 . Lactobacillus reuteri DSM 17938 (LR17938) increased survival rate of mouse pups with necrotizing enterocolitis (NEC). Mice (8 -10 days old) were separated from their mothers and housed in an incubator. NEC was induced by formula feeding ϩ stress (FS) with hypoxia (5% O2-95% N2 for 10 min) and cold exposure (4°C for 5 min) twice daily for 4 days (indicated by arrows). Live animals were counted on each day for calculation of survival rate. Mice were euthanized on day 5 after NEC protocol (indicated by ϫ), and tissues were collected. In some cases, pups in the FS group were euthanized on day 3 or 4, if they were in pain, demonstrated labored respirations, or exhibited abdominal distension or gastrointestinal bleeding, to collect tissues for histological analysis and to calculate survival rate. LR17938 [10 6 colony-forming units (CFU)·g body wt 
L. reuteri DSM 17938 Decreased Inflammatory Cytokine IL-1␤ Levels in the Intestine of Mice With NEC
Cytokines are key mediators in inflammation, and several cytokines, including IL-1␤, are dysregulated in this disease (30, 50) . Analysis of intestinal protein levels of IL-1␤ indicated that this proinflammatory cytokine significantly increased in the intestines of mouse pups given the NEC-inducing FS treatment compared with normal dam-fed mice (P Ͻ 0.01), while feeding LR17938 to mice with FS significantly decreased IL-1␤ levels compared with FS without probiotic treatment (P Ͻ 0.05; Fig. 3 ).
Frequency of Treg Cells in the Intestinal Mucosa Was Decreased in NEC and Could be Reversed by Feeding L. reuteri DSM 17938
Treg cells maintain intestinal homeostasis by controlling inflammation and inducing tolerance. In a previous study we proposed that there are insufficient numbers of Treg cells to control inflammation in NEC on the basis of a decreased frequency of Treg cells in the intestines of rat pups with NEC (27) . In the present study we further validated this observation in the mouse model of NEC by analyzing the Treg cell counts by gating CD4 ϩ T cells to calculate the frequency of Foxp3 ϩ Treg cells within the CD4 ϩ T cell population (Fig. 4A ). The frequency of CD4 ϩ Foxp3 ϩ Treg cells significantly decreased in the ileum (Fig. 4B) and MLNs of FS-exposed mice (Fig. 4C ) compared with normal dam-fed mice (P Ͻ 0.01 in the ileum; P Ͻ 0.001 in the MLN). In response to LR17938, the frequency of CD4 ϩ
Foxp3
ϩ Treg cells returned to normal in the ileum (Fig. 4B) and MLNs (Fig. 4C ) of FS-exposed mice compared with FS-exposed animals without LR17938 (P Ͻ 0.01). Similarly, in pups that were dam-fed for 1 wk and given LR17938, CD4
ϩ Foxp3 ϩ Treg cells were increased in the ileum (P Ͻ 0.001), but not in the MLNs, compared with age-matched dam-fed control animals without probiotic (Fig. 4D) . However, feeding La DDS, unlike L. reuteri (LR17938), could not Fig. 3 . Increased IL-1␤ levels in intestine of mice subjected to the NEC protocol and the modifying effect of LR17938 treatment. Cytokine levels in tissue lysates were examined using Meso Scale Discovery cytokine assay; n ϭ 8 -12 mice per group. Comparisons showed significant differences: P Ͻ 0.01 (FS vs. dam) and P Ͻ 0.05 (FS ϩ 17938 vs. FS). increase the frequency of CD4 ϩ
ϩ Treg cells in the ileum or MLNs of mice subjected to NEC-inducing conditions (Fig.  4, B and C 
ϩ Treg cells in the ileum of mice exposed to the NEC-inducing procedure were augmented by feeding LR17938, we took advantage of a new marker called Helios, which is reported to detect Treg cells of thymic origin in mice (58) . We found that 70% (68 Ϯ 2.8%, n ϭ 23) of CD4 ϩ Foxp3 ϩ Treg cells in the ileum of dam-fed mice expressed Helios (Fig. 5) . Helios was undetectable in the ileum of FS-exposed mice because of the significantly low levels of CD4 ϩ Foxp3 ϩ Treg cells. However, ϳ75% (76 Ϯ 4.4%, n ϭ 11) of Treg cells expressed Helios in the ileum of FS-exposed mice that were fed LR17938, indicating that the increased CD4 ϩ
ϩ Treg cells in mice could be of thymic origin. In the MLNs, too, 75-80% of CD4 ϩ
ϩ Treg cells showed Helios positivity. There were no significant differences between the groups.
Tem Cells in the Intestinal Mucosa Were Elevated in NEC and Decreased by Feeding LR17938
Tem cells express a different pattern of cell surface markers, and functionally they respond in several different ways compared with naive T cells. In mice, it has been noted that activation of lymphocytes and the transition to memory/effector phenotypes are associated with increased surface levels of CD44 (25) . CD44, as an adhesion molecule, is required for recruitment of activated effector lymphocytes to sites of inflammation (2 (Fig. 6A) . A significant increase in the percentage of Tem cells in the intestine was observed in mice exposed to NEC conditions (12.1 Ϯ 0.9%, n ϭ 14) compared with dam-fed controls (3.3 Ϯ 1.9%, n ϭ 23, P Ͻ 0.001). Feeding LR17938 to FS-exposed mice significantly decreased the Tem subset (6.1 Ϯ 0.6%, n ϭ 11) compared with samples from mice exposed to FS without probiotic (P Ͻ 0.001). We were surprised to discover that administration of LR17938 to healthy dam-fed mice also increased the Tem cell subset (6.8 Ϯ 0.7%, n ϭ 16) compared with dam-fed controls (P Ͻ 0.01). Feeding the "control" Lactobacillus La DDS could not change the increased percentage of Tem cells in the intestine induced by the NEC procedure (Fig. 6B) . A similar pattern was observed in the percentage of transitional effector (CD44 ϩ   CD45RB hi ) cells in the intestine (Fig. 6C) , with increased expression in FS-exposed animals and reduced expression in the FS ϩ LR17938 group. There were no changes in these two T cell subsets in MLNs among the different groups, indicating that the changes in Tem cells were limited to the intestine.
DISCUSSION
NEC is a devastating disease of neonates associated with high morbidity and mortality (14) . Over the past 15 years, a number of studies have investigated the effects of probiotics in preventing NEC (62) . LR17938 inhibits pathogen growth and modulates the immune system. In this study the protective effects of the probiotic LR17938 on the survival, incidence, and severity of NEC in a mouse model further validated our previous observations in a rat NEC model (27, 29) . In addition, previous studies indicated that the frequency of gut Foxp3 ϩ Treg cells was decreased in NEC but reverted to normal following LR17938 treatment (27) .
Central features of NEC pathophysiology include immaturity of the intestinal barrier and aberrant mucosal immunity, leading to bacterial invasion and markedly exaggerated inflammation in response to bacterial antigens. Supporting evidence includes higher serum and intestinal levels of several cytokines and chemokines during NEC (30, 50) . Furthermore, increased TLR signaling activity in the intestine of rats with NEC has been demonstrated (16, 29 -31, 52) . We believe that LR17938 could prevent NEC via modulation of TLR4 and NF-B signaling in the intestine (29) .
Foxp3 ϩ Treg cells are essential for intestinal immune homeostasis through suppression of innate and adaptive host responses. We proposed that disrupted immune regulation may be involved in perturbing the balance between Treg and Tem cells. CD4
ϩ Tem cells express high levels of CD44, which is involved in Th1-driven inflammation (39) , including recirculation of T cells to inflammatory sites and chemotaxis (8) . CD44 extracted from Th1 cells was found to bind soluble E-selectin in vitro and cooperated with P-selectin glycoprotein ligand-1 in mediating a rolling interaction between T lymphocytes and the vascular endothelium. A combined absence of CD44 and P-selectin glycoprotein ligand-1 impairs inflammatory T cell recruitment (39) . CD4 ϩ CD44 ϩ T cells were found to have effector function and phenotype, to show enhanced reactivity to CD44 ligand hyaluronan, to produce inflammatory cytokines such as TNF-␣ and IL-2, and to be essential for the induction of ileitis in RAG Ϫ/Ϫ mice (8) . Conversely, CD44 deficiency attenuated chronic murine ileitis (8) . In addition to expressing CD44, the majority of effector/memory cells express low levels of CD45RB and L-selectin (59) . The adoptive transfer of lamina propria CD44 high CD62L
Ϫ CD45RB low Tem cells into severe combined immunodeficiency mice induced a severe colitis (15) . However, it was not clear whether this Tem cell subset in the intestinal mucosa is involved in the pathogenesis of NEC.
On the opposite side of these changes, our previous study with adoptive Treg cells in a rat model of NEC demonstrated the ability of Treg cells to attenuate the development of NEC by inhibiting the activation of dendritic cells and the maturation of naive CD4 ϩ
CD62L
ϩ into effector CD4 ϩ CD62L Ϫ cells (11). Our current studies in a mouse model of NEC further confirm the loss of balance between these two T cell subsets in the intestinal mucosa, demonstrating increased intestinal Tem and transitional effector T cells in the face of decreased Foxp3 ϩ Treg cells during NEC (compared with dam-fed controls). Treg cell development and function can be interrupted by a local proinflammatory cytokine milieu (9, 24) . During the development of human or experimental NEC, formula feeding or stress may increase levels of endogenous TLR ligands (e.g., heat shock protein) in the intestinal inflamed tissue (20, 22) , which, in combination with exogenous TLR ligands (e.g., bacterial lipopolysaccharide), would serve to activate TLRs and TLR-signaling pathways to produce proinflammatory cytokines by intestinal epithelial and immune cells (26, 30) .
Finally, we found that LR17938 ingestion produced a "rebound" of intestinal Foxp3
ϩ Treg cells and decreased Tem cells not only in the intestine but also in the MLNs of mice with NEC. This differential modulation of LR17938 on Tem and Treg cells was not observed when animals were treated with the control Lactobacillus strain La DDS, most likely because La DDS has been shown to lack the properties of adherence to epithelial cells, induction of mucin expression by intestinal epithelial cells, inhibition of enteropathogenic Escherichia coli epithelial cell adherence (32) , and inhibition of LPS-induced NF-B activation (29) . In contrast, L. reuteri ATCC 55730 (a parent strain of LR17938) has been shown to adhere to Caco-2 human intestinal epithelial cells (37) . Recent studies indicated that this L. reuteri strain possesses a gene encoding a protein (MapA) or a collagen-binding protein (CnBP) (49) . These findings further support adhesion mechanisms in the probiotichost interaction. In addition, L. reuteri strains inhibit enteropathogenic E. coli by direct antimicrobial activity attributable to secreted reuterin (54) or to the repression of genes expressed by pathogenic E. coli (21) .
We further studied the subset of these Foxp3 ϩ Treg cells based on their expression of Helios. While controversial, it has been suggested that Helios can be a marker of thymus-derived Treg (tTreg) cells, and those lacking Helios would represent peripheral induced Treg (pTreg) cells (10) . The tTreg and pTreg cells play nonredundant roles in immune regulation, but their functions are not easy to distinguish, in part because we lack markers to unambiguously discriminate between the two cell types. It has been proposed that only tTreg cells express Helios and neuropilin-1, which are expressed by most Foxp3 ϩ Treg cells in blood and in the thymus (43 tTreg cells in all studied groups. Our observations may be seen as contrasting with a previous report, in which the intestinal lamina propria Treg cell pool appeared to be enriched in pTreg cells (43) . We speculate that the immunological difference might be due to observations in newborn vs. mature mice.
Further study of molecules that mediate T cell homing to the gut, including the chemokines (e.g., CCL25), chemokine receptors (e.g., CCR9), integrins, and ligands (e.g., ␤ 7 -integrin and mucosal addressin cell adhesion molecule-1) (44, 55) , is needed in newborn subjects. Finally, our current studies also showed that breast milk leads to increased intestinal Treg cells, which implies that some factor(s) in breast milk may enhance the immunomodulatory effects of LR17938. It has been known that breast milk contains bioactive milk proteins, which act against the inflammatory process, suggested by in vitro and in vivo studies (6) . Breast milk contains casein and whey proteins (including ␣-lactalbumin, ␤-lactoglobulin, and osteopontin) that are believed to favor the growth of certain bacterial species (36), whereas whey proteins and IgA directly or indirectly modulate the immune system. Human milk contains up to 10 9 CFU/ml live bacteria, with a predominance of Bifidobacteria (18) . The protective effect of maternal milk is associated with increased production of mucosal IL-10 in the site of injury, which indicates an immunomodulatory activity (12) . Maternal milk is the major source of epidermal growth factor for neonates, which plays an important protective role against NEC development (13) . Transforming growth factor (TGF)-␤2, an immunomodulatory growth factor, is the most dominant form of the TGF-␤ superfamily in breast milk. The intestinal immune system in preterm neonates is immature, producing remarkably low amounts of endogenous TGF-␤ and TGF-␤ receptor (47) . The restoration of these low levels of TGF-␤ through feeding breast milk is pivotal for provision of adequate protection against inflammation. Insulin-like growth factors (IGFs), such as IGF-I and IGF-II, important growth factors in breast milk (56) , may initiate intracellular signaling, suppressing apoptosis and stimulating cell proliferation. The interaction of these factors with intraluminal LR17938 during immunomodulation should be further explored.
In summary, our data indicate that 1) NEC is an inflammatory condition with dysregulated immune activation based on increased Tem and decreased Treg cell activities; 2) L. reuteri DSM 17938 during NEC appears to promote Treg cell development and/or migration and to decrease Tem cells to dampen immune activation; and 3) the majority of the Treg cells associated with LR17938 treatment are of the Helios ϩ subset, which suggests a systemic effect on gut inflammation in NEC wherein thymus-derived circulating Treg cells might be attracted to the injured intestine. L. reuteri may directly affect the expression and activation of the chemoattractant molecules in the intestinal mucosa and/or may indirectly affect these molecules by inducing expression of higher levels of retinoic acid-producing enzymes on gut dendritic cells, which trigger the expression of gut-homing molecules (19) . We acknowledge that a prophylactic, not a therapeutic, effect was demonstrated in these studies once the inflammation developed. The question of a therapeutic effect requires further studies. Our results support the concept that probiotic L. reuteri DSM 17938 may represent a useful treatment to prevent NEC. In addition, these T cell subsets might be potential biomarkers and therapeutic targets during intestinal inflammation.
